Introduction
Thermophoresis is a phe nom e non by which submicron sized par ti cles suspended in a non-iso ther mal gas ac quire a ve loc ity rel a tive to the gas in the di rec tion of decreas ing tem per a ture. The ve loc ity ac quired by the par ti cles is called thermophoretic veloc ity and the force ex pe ri enced by the sus pended par ti cles due to the tem per a ture gra di ent is known as thermophoretic force. Thermophoretic de po si tion of ra dio ac tive par ti cles is con sid ered to be one of the im por tant fac tors caus ing ac ci dents in nu clear reac tors. Thermophoresis causes small par ti cles to de posit on cold sur faces. Re pul sion of par ti cles from hot ob jects will also take place and a par ti cle-free layer is ob served around hot bod ies. Thermophoresis is con sid ered to be im por tant for par ti cles of 10 mm in ra dius and tem per a ture gra di ent of the or der of 5 K/mm. A com mon ex am ple of this phe nom enon is black en ing of the glass globe of a ker o sene lan tern. The tem per a ture gra di ent devel oped be tween the flame and the glass globe drives the car bon par ti cles pro duced in the com bus tion pro cess to wards the globe, where they de posit. There are sev eral other prac tical sit u a tions where we come across this phe nom e non, like gas "clean up", cor ro sion of heat exchangers with at ten dant re duc tion of heat trans fer co ef fi cient, foul ing of gas turbine equip ment, co ag u la tion of con dens ing/evap o rat ing aero sols, in de ter min ing par ti cle tra jec to ries in the ex haust gas from com bus tion de vices, in the tran spi ra tion cool ing of gas tur bine blades, etc. The ini tial study of thermophoretic trans port in volved sim ple one-di men sional flows for the mea sure ment of the thermophoretic ve loc ity and was under taken by Gold smith and May [1] . Tal bot et al. [2] solved nu mer i cally for the ve loc ity and tem per a ture fields in the lam i nar bound ary layer ad ja cent to a heated plate. Us ing sev eral avail able the o ret i cal ex pres sions for the thermophoretic force, they cal cu lated the tra jec tory of a par ti cle en ter ing the bound ary layer. Mea sure ments of the thick ness of the par ti cle-free layer next to the heated plate were com pared with the cal cu lated tra jec to ries and it was found that the the ory of Brock [3] , mod i fied slightly to fit the data for very small par ti cles, gave the best over all agree ment with the mea sure ments. The first anal y sis of thermophoretic de po si tion in a ge om e try of en gi neer ing in ter est ap pears to be that of Hales et al. [4] . They solved the lam i nar bound ary layer equa tions for si mul ta neous aerosol and steam trans port to an iso ther mal ver ti cal sur face sit u ated ad ja cent to a large body of an oth er wise qui es cent air-steam-aero sol mix ture. Thermophoresis in lam i nar flow over a hor i zon tal flat plate has been stud ied the o ret i cally by Goren [5] where the anal y sis cov ered both cold and hot plate con di tions. Selim et al. [6] con sider the ef fect of sur face mass trans fer on mixed con vec tion flow past a heated ver ti cal flat per me able sur face in the pres ence of thermophoresis. Pre vi ous work on this topic in cludes pa pers by Ep stein et al. [7] , who car ried out a thermophoretic anal y sis of small par ti cles in a free con vec tion bound ary layer ad ja cent to a cold ver ti cal sur face, and Mills et al. [8] and Tsai [9] , who re ported cor re la tions for the de po si tion rate in the pres ence of thermophoresis and wall suc tion in lam i nar flow over a flat plate. Jia et al. [10] also in ves ti gated nu mer i cally the in ter ac tion be tween ra di a tion and thermophoresis in forced con vec tion lam i nar bound ary layer flow and nat u ral con vec tive lam i nar flow over a cold ver ti cal flat plate in the presence of thermophoresis was solved nu mer i cally by Jayaraj [11] and Jayaraj et al. [12] for con stant and vari able prop er ties, re spec tively. Fi nally, Chiou [13] an a lyzed the ef fect of thermophoresis on submicron par ti cle de po si tion from a forced lam i nar bound ary layer flow on to an iso ther mal mov ing plate through sim i lar ity so lu tions and this anal y sis was ex tended by Chiou and Cleaver [14] con vec tion from a ver ti cal iso ther mal cyl in der.
De spite the prac ti cal im por tance of mag netic field with thermophoresis there is, to our best knowl edge, al most no work de voted to this topic in po rous me dia. Con sid er ation is, there fore, given here to the sim i lar ity so lu tions of the bound ary layer free con vec tion mag netic field with thermophoretic de po si tion of aero sol par ticles on a ver ti cal iso ther mal flat plate em bed ded in a fluid sat u rated po rous me dium. The Darcy and en ergy equa tions yield the ve loc ity and temper a ture dis tri bu tions in the bound ary layer, which are then used in the cou pled con cen tration equa tion to cal cu late the rates of par ti cle depo si tion. The flow con fig u ra tion and the co or dinate sys tem are as shown in fig. 1 . 
Analysis
Let us con sider a steady, two-di men sional ver ti cal nat u ral con vec tion MHD flows and bound ary layer over a ver ti cal flat plate of con stant tem per a ture T w and con centra tion C w , which is em bed ded in a fluid-sat u rated po rous me dium of am bi ent tem per ature T 4 and con cen tra tion C 4 where T w > T 4 and C w > C 4 , re spec tively. Al low ing for both Browian mo tion of par ti cles and thermophoretic trans port the gov ern ing bound ary layer equa tions are, see [13, 15] :
The bound ary con di tions for the pres ent prob lem are as fol lows:
at y as
, ,
where u and v are the fluid velocity components along the x-and y-axes (which are parallel and normal to the plate, respectively), g is the gravitational force due to acceleration, b is the volumetric coefficient of thermal expansion, and T is the temperature of the fluid in the boundary layer. C is the species concentration in the boundary layer. n, a m , and D being the kinematics coefficients of viscosity, thermal diffusivity, and the Brownian diffusion coefficients, respectively. b T and b c are the thermal expansion coefficients of temperature and concentration, respectively. In eq. (5), V(x) represents the permeability of the porous surface where its sign indicates suction (<0) or injection (>0). Here we confine our attention to the suction of fluid through the porous surface and for these. The effect of thermophoresis is usually prescribed by means of an average velocity which a particle will acquire when exposed to a temperature gradient. In boundary layer flow, the temperature gradient in the y-direction is very much larger than in the x-direction, and therefore only the thermophoretic velocity in y-direction is considered. As a consequence, the thermophoretic velocity V T , which appears in eq. (4), may be expressed in the following form:
where T is some reference temperature, the value of kn represents the thermophoretic diffusivity, and k is the thermophoretic coefficient, which ranges in value from 0.2 to 1.2 as observed by Batchelor and Shen [16] and is defined from the theory of Talbot et al. [2] by: 
where C = 1 + Kn[C 1 + C 2 exp (-C 3 /Kn)], Kn is the Knudsen number, C 1 = 1.2, C 2 = 0.41, and C 3 = 0.88, C m and C s are constants [16] , l g and l p are the thermal conductivities of gas and diffused particles, respectively. As previously introduced by Mills et al. [8] and Tsai [9] . We now in tro duce the fol low ing non-di men sional vari ables: --
where
/n is the characteristic velocity, Ra = gKb T (T w -T 4 )l/a m n is the Rayleigh number, and l is a characteristic length of the plate. Thus eqs. (1)- (4) and (6) take the following from:
where Pr and Sc are the Prandtl and Schmidt numbers for a porous medium, C T is the thermophoresis parameter, and B is the buoyancy parameter, which are defined as: 
The bound ary con di tions (5) be come:
at as
We now look for a sim i lar ity so lu tion of eqs. (9)- (12) 
We now de fine a stream func tion y(x, y) which sat is fies the con ti nu ity eq. (1) with:
The trans formed gov ern ing equa tions for bonundary layer flows be come:
Sub ject to the bound ary con di tions be comes:
where a prime denotes ordinary differentiation with respect to h. Of in ter est in this prob lem are the non-di men sional con cen tra tion pro files, f(h) and the wall thermophoretic depostion ve loc ity V m which is given by:
We no tice that for k = 0 (ab sence of thermophoresis), eqs. (15)- (17) re duce to those of Cheng and Minkowycz [17] when B = 0 and to those of Bejan and Khair [18] when B ¹ 0, re spec tively.
The Sherwood num ber (Sh) is im por tant phys i cal pa ram e ter for this prob lem. This can be de fined as: 
Results and discussion
For this pres ent prob lem nu mer i cal com pu ta tions have been car ried out by employ ing the fi nite dif fer ence method known as the Shoot ing method. It is clearly seen that the re sults are given val ues of the pa ram e ters k, Fw, Pr, Sc, B, C T , V m , and M. How ever, to check the pres ent nu mer i cal re sults, we cal cu late the val ues of the re duced heat trans fer, -q'(0), and mass trans fer, -f'(0), from the plate for k = 0, B = 0 and 1, and Sc = 1. Thus, for [17] is -q'(0) = 0.444. Also, for k = 0, B = Sc = 1, we get -q'(0) = -f'(0) = 0.6276 while Bejan and Khair [18] ob tained -q'(0) = -f'(0) = 0.628. There is ex cel lent agree ment be tween the re spec tive re sults.
Once the val ues of the func tions f(h), q(h), f(h), and their de riv a tives at h = 0 are known, the quantitie V m can now be cal cu lated, re spec tively, from the fol low ing expres sions. Typ i cal con cen tra tion pro files f(h) and the wall thermophoretic ve loc ity V m are shown in figs. 2-11 for some val ues of the gov ern ing pa ram e ters k, Fw, Pr, Sc, B, C T , V m , and M. These fig ures show how the mag netic filed and the con cen tra tion bound ary layer and the wall de po si tion ve loc ity re act to changes with the pa ram e ters k, Fw, Pr, Sc, B, C T , V m , and M.
The thermophoretic depostion ve loc ity V m and the buoyance pa ram e ter for differ ent val ues of the mag netic field are de picted with Sc in fig. 2 , k (thermophoresis param e ter) in fig. 3 , C T paramter in fig. 4 , and Pr in fig. 5 .
It is ob served that the ve loc ity in creases with the de crease of M pa ram e ter. On the other hand, the thermophoretic depostion ve loc ity V m in creases with the de crease of Sc and C T , but in creases with k pa ram e ter and Pr pa ram e ter.
Fig ure 6 shows the cor re spond ing ef fect of vary ing Fw on the skin-fric tion co effi cient V m . This figure con firms that as Fw in creases, the wall thermophoretic de po si tion ve loc ity in crease. Fig ures 7-11 rep re sents the dimensionless con cen tra tion for dif fer ent val ues of Fw pa ram e ter, buoyancy pa ram e ters, M pa ram e ters, Sc pa ram e ters, and C T pa ram e ters, re spec tively. It is clear that the con cen tra tion of the fluid in creases with the in crease of M and conversily, while Fw, B, Sc, and C T pa ram e ters de crease.
It can be no ticed that the wall thermophoretic de po si tion ve loc ity be comes sensi tive to the vari a tion of the pa ram e ters of par tic u lar ben e fit in processes. 
